The Extratropical 40-Day Oscillation in the
UCLA Genera Circulation Model. Part 11: Spatial Structure

by

S. L. Marcus!, M. Ghil2, and J. O. Dickey’

I Space Geodetic Science and Applications Group
Jet Propulsion Laboratory
Cadlifornia Institute of Technology
Pasadena, California 91109-8099

2Department of Atmospheric Sciences
and Institute of Geophysics and Planetary Physics,
University of California, Los Angeles

November 1994
Submitted to J. Atmos. i




Abstract

We examine intraseasonal oscillations in a three-year, perpetua-January simulation using a
version of the UCLA GCM which produces no self-sustained Madden-Julian oscillation in
the tropics. A robust, 40-day oscillation is found to arise in the model’s Northern
Hemisphere (NH) extratropics. Part | of this study (Marcus et a. 1994) addressed the
zonaly-averaged component of the GCM oscillation, manifested in wind- and pressure-
induced variations in atmospheric angular momentum (AAM). Here we focus on the

spatial features of the oscillation as manifested in the variability of the 500 mb height field,

A standing, wavenumber-two pattern isfound in the NH extratropics, which undergoes
tilted-trough vacillation in conjunction with the model’s AAM oscillation. High (low)
values of AAM are associated with low (high) 500 mb heights over the northeast Pacific
and Atlantic oceans; the two centers’ of action dightly different frequencies giveriseto a
long-period modulation (of about 300 days) in the amplitude of the intraseasonal
oscillation. Global correlations with the leading empirical orthogonal functions (EOFs) of
the NH extratropical 500 mb height field show northeast-southwest teleconnection patterns
extending into the tropics, similar to those found in many observational studies. The
zonally-averaged latent heating in the tropics exhibits no intraseasonal periodicity, but a 39-
day oscillation is found in cumulus precipitation over the Western Indian Ocean. The latter
shows significant coherence with EOF 1 but is absent in three shorter no-mountain
experiments, indicating that it may be remotely forced by the intraseasonal oscillation

arising in the NH extratropics of the standard-topography model.




1. Introduction and motivation

Since their discovery by Madden and Julian ( 1971, 1972), conceptua models for
intraseasonal (40-50 day) oscillations in the tropics have generally invoked latent heat
release as a driving force (Madden and Julian 1994). Intraseasonal oscillations
subsequently detected in the extratropics (€.g. Krishnamurti and Gadgil 1985) have been
interpreted by some investigators as a response to tropical forcing in the same frequency
band (e.g., Anderson and Rosen 1983; Magaiia and Yanai 199 1), implying that they share
the same energy source. Recently, however, considerable evidence for an independent
source of intraseasonal variability in the extratropics has accumulated. Liebmann and
Hartmann (1984), for example, showed that 5-10 day averaged fluctuations in the 500 mb
height field during northern winter were characterized by a southwest-northeast tilt,
associated in quasi-geostrophic theory with equatorward energy propagation, and that they
tended to precede the development of tropical convective disturbances, rather than follow
them. Murakami (1988) documented the occurrence of southwest-northeast teleconnection
patterns (his“NA” and “NP” surges) which appeared to regul ate intraseasonal convective
disturbances in the equatorial Indian and west Pacific oceans during Northern Hemisphere
(NH) winter. Hsu et al. (1990) showed that sub-tropical Rossby wave trains could initiate
convective activity in the equatorial Indian ocean in a case study of intraseasonal
oscillations during the winter of 1985/86.

These observational and modeling results suggest that the origin for observed
intraseasonal variability need not lie in the tropics. Inthisregard, Smmons et al. (1983)
have found linearly unstable modes with periods near 50 days in a barotropic model
linearized about the NH winter circulation at 300 mb and suggested that intraseasonal
variability in the NH extratropics derives its energy from barotropic instability of the
January mean circulation; in their model, the topography only contributes to the zonal

asymmetry of the basic state. Ghil and colleagues [Ghil 1987; Ghil and Childress 1987



(pp.164-201); Jin and Ghil 1990], on the other hand, have shown that oscillations in this
frequency range may arise from the unstable interaction of nonzonal flow with the
underlying topography. The dominant period of this instability in a nonlinear, equivalent-
barotropic model using idealized NH topography (Legras and Ghil 1985) is near 40 days,
however, for realistic parameter values it is characterized by aperiodic, intermittent behavior
which accounts for the broadband nature of the observed intraseasonal variability.

Intraseasonal 0SCillations in both the tropics and extratropics have a strong signature
in the axial component of’ atmospheric angular momentum (AAM), which forms thereby a
useful scalar diagnostic for low-frequency variability in the Earth-atmosphere system (e.g.
Hide and Dickey 1991 ). While the strongest intraseasonal AAM signal is found in the
tropics at periods near 50 days (Benedict and Haney 1988; Lau et a. 1989; Gutzler and
Madden 1993), asmaller but distinct oscillation in AAM originates in the NHextratropics
at periods near 40 days (Dickey et al. 1991; Magaiia 1993). Phase propagation of AAM
disturbancesislargely polewards at periods near 50 days (Anderson and Rosen 1983);
episodic equatorward AAM propagation is found, however, in the NH extratropics at
periods near 40 days (Dickey et a. 1991). The latter AAM results, along with the model
studies mentioned in the previous paragraph, support the existence of an independent
intraseasonal oscillator in the NH extratropics, which may be capable of influencing the
tropical atmosphere, at least on an intermittent basis.

In order to investigate this hypothesis in greater detail, Marcus et al, (1994 —
hereafter MGD) examined AAM fluctuations arising in a series of perpetual-January
experiments, made with a version of the UCLA general circulation model (GCM) which
does not produce a vigorous Madden-Julian(MJ) oscillation in the tropics. In a three-year
(1120-day) experiment employing standard topography, a robust, 42-day AAM oscillation
was found to arise in the NH extratropics, while the model tropics showed no AAM
periodicity. The extratropical GCM oscillation is similar in period and amplitude to that
found by Dickey et a, (1991). This indicates that the 40-day oscillation observed in the




NH extratropics probably has a dynamica origin independent of the MJ mechanism, as it
does in the GCM experiment employing standard topography, and in ssmple barotropic
(Legras and Ghil 1985; Strong et al. 1993) and two-layer baroclinic (Keppenne and Ghil
1994) models. Three shorter GCM experiments, using different boundary or radiative
forcing (see Table 1 of MGD) but with flat topography failed to show evidence of
intraseasonal oscillations, indicating that the oscillation in the standard model originates
from the interaction of the large-scale flow field with topography, as hypothesized by Ghil
and colleagues.

In addition to oscillations with periods near 40 days, the standard-topography run
of the GCM showed higher-frequency oscillations with periods near 21 days, which appear
to be related to a westward-traveling wave with about this frequency observed in NH data
at 500 mb by Branstator (1987) and Kushnir (1987), and modeled successfully by
Keppenne and Ghil (1994). Ghil&dnhfo(1991 a,b) have aso studied an oscillation in this
frequency range using NH 700 mb data, tropical outgoing long-wave radiation (OLR) data
and Southern Hemisphere (SH) 500 mb data. While the no-mountain runs analyzed by
MGD failed to show enhanced variability at 20-25 days, spectra of NH extratropical
AAM from al three of these experiments had significant peaksin the 13—16 day range.
The possible relationship of these variations with large-scale waves of similar period
observed by Madden (1979) and with biweekly oscillations obtained in a barotropic model
by Strong et d. (1993) remains a subject for future investigation.

In this study we concentrate on the dynamics of the 40-day oscillation in the
standard topography experiment, focussing in particular on the spatial variability of the 500
mb height field. The mean and variance of the height field at 500 mb, along with
composite maps keyed to the model’s AAM oscillation, are presented in section 2. The
leading empirical orthogonal functions(EOFs) of the NH extratropical 500 mb height field
are presented in section 3, and correlation maps with the corresponding PCs are used to

examine NH teleconnections with the tropics. In section 4 the EOFs of the 36-60 day




filtered height field and their relationship to the dynamics of the AAM oscillation are
discussed. Regional variations of cumulus precipitation in the equatoria Indian and Pacific
oceans on this timescale are examined in section 5, and a summary and discussion of the

results of the study are presented in section 6.

2. Composite Analysis of 500 mb Height Variations
a. Climatology of the perpetual-January experiment

The mean 500 mb height field generated by the 1120-day standard run (see
MGD for further details regarding the UCLA GCM and the conditions of the
experiment) is shown in Fig. 1a, Agreement with the observed climatology is
generally good, with troughs off the east coasts of Asia and the Americas and ridges
over the west coasts of North America and Europe corresponding to observed
features. The Southern Hemisphere, with little significant topography south of
4008, shows a nearly zonal summer pattern, in agreement with observations.
Further discussion of the model’s ability to simulate the observed climate is found in
Mechoso et al. (1987).

[Fig. 1 near here, please]

The mean 500 mb height field from the last 360 days of the longest no-
mountain experiment (see Table 1 of MGD) is shown in Fig. 1 b. While the removal
of the surface topography has little effect on the summertime flow field in the SH
extratropics, the difference in the perpetual-January flow field of the NH extratropics
is striking. The stationary ridges associated with the Rockies and Himalayas are
amost entirely absent, while the ridge located over the west coast of Europeis
greatly reduced in amplitude. The absence of NH extratropical oscillations from this
run is consistent with the work of Jin and Ghil (1990), who find that such
oscillations arise from the weakly-nonlinear interaction of quasi-resonant flow fields

with the underlying topography.




b. Variance of the 500 mb height field

The root-mean-square (rms) height departures for the standard run are
shown for the NH in Fig. 2a; the variability of the SH 500 mb height field is
comparatively small during perpetual summer, and is not shown. Centers of
maximum 500 mb variability, located over the northern Pacific and Atlantic oceans,
are found on the eastern sides of the troughs associated with the jet exits from Asia
and North America. The rms departure of the 36--60 day filtered height field for
the NH is shown in Fig. 2b; the band-passed variance is even more strongly
concentrated over the northern oceans, and is shifted slightly eastwards with respect
to the total variance, closer to the downstream ridges located over the west coasts of
North America and Europe.

[Fig. 2 near here, please]

The rms change from one day to the next of the 500 mb height field was
computed for each day of the run, averaged over the region 200 N-900N on a
reduced, equal-area grid similar to that employed by Barnston and Livezey (1987).
The power spectrum for the resulting 11 19-day history of the 500 mb “phase-space
velocity” (Legras and Ghil 1985; Ghil and Childress 1987) in the model’s NH
extratropics is shown in Fig, 2c. A broad peak is found between 36 and 60 days,
coincident with the band of enhanced spectral power found in time series of AAM
and Earth rotation data by Dickey et al. (1991); these two periods are used to define
the limits of the intraseasonal band considered in the present study, as they were by
Dickey et a. Two sharp peaks are found at periods of 25 and 19 days as well,
separated in frequency by about twice the bandwidth associated with the spectra
estimates, and hence statistically distinct. Distinct NHextratropical oscillations with
periods of 23 and 17 days were also found in 700 mb height data by Ghil and Mo
(19914a), and in AAM data from individual latitude belts by Dickey et a. (1991, their
Fig. 11).




The ratio of the 36-60 day rms height variation to the total rms variation at
500 mb is shown in Fig. 3. Enhanced regions of intraseasonal variability are found
in the northeast Pacific (NEP) and northeast Atlantic (NEA), corresponding to the
two pronounced maxima of 36-60 day variability seen in Fig. 2b. In addition,
regions of higher intraseasonal variability are also found extending southwestwards
from the North American and European continents, into the central Pacific and
Atlantic oceans, respectively. Similar features have been observed in the ratios of
intraseasonal to total variability in OLR and 250 mb streamfunction data by
Weickmann et a. (1985; their Figs. 1d and 2d), and by Magafia and Yanai ( 1991) in
the 30-60 day variance of the 200 mb zonal wind field (their Fig. 2b). These
similarities show that the 500 mb height data are representative of the intraseasonal
oscillation in the extratropics, and that these extratropical features are well simulated
by the UCLA GCM, in spite of the absence of arobust tropical M) oscillation in this
version of the model.

[Fig. 3 near here, please]
¢. Composite maps associated with the AAM oscillation

In order to identify the dynamical features associated with the oscillation,
composite maps of the unfiltered 500 mb height field were constructed, based on the
36--60 day filtered time series of the model’s NH extratropical AAM. Composite
maps keyed to the global AAM (not shown) were found to be quite sSimilar to the
composites based on the NH extratropical AAM, illustrating the central role played
by the dynamics of that region in the model’s global oscillation.

Fig. 4a presents a composite pattern for the entire run, formed by adding
(subtracting) 500 mb maps for days with negative (positive) AAM departures greater
than 1.5 times the standard deviation of the filtered AAM series. The resulting
pattern indicates that strongly-positive height anomaliesin both the NEP and NEA

regions are associated with the low phase of the model’ sintraseasonal AAM cycle:



low AAM corresponds to weak westerlies, low index and blocked flow, cf. Namias
(1950; see dso Ghil and Childress 1987, Sees. 4.6, 5.3, 6.4, and 6.7). A
pronounced southwest-northeast (SW-NE) tilt of the height anomalies in the NH
extratropics IS evident; patternsin the tropics and SH extratropics are much less
distinct, although some indication of a coherent northwest-southeast (NW-SE) tilt is
evident in the southern extratropics of the Western Hemisphere.

[Fig, 4 near here, please]

Fig. 4b shows a composite constructed from maps taken 12 days earlier than
those incorporated in Fig. 4a, As such, it represents a pattern in approximate
guadrature with the previous composite, with respect to the 36-60 day AAM
oscillation. Thetilt of the anomaly pattern in the NH extratropics has reversed from
SW-NE to SE-NW, with some indication of a corresponding reversal in the SH
extratropics. The GCM oscillation, therefore, exhibits a tilted-trough vacillation
similar to that observed in arotating, differentially-heatedannulus or dishpan by R.
Hide, D. Fultz and their respective collaborators (e.g., Fultz et al. 1959; Hide 1977;
Lorenz 1967; Ghil and Childress 1987, Chapter 5).

As opposed to amplitude vacillation, which is largely due to baroclinic
energy conversions, tilted-trough vacillation involves mostly barotropic energy
conversions. The patterns in Figs. 4a,b are thus consistent with a barotropic origin
for the midlatitude 36--60 day oscillation, as hypothesized by Ghil (1987, 1988). It
should be noted, however, that rotating-annulus experiments with wavenumber-two
bottom topography have not produced, so far, avacillation of thisbarotropic nature
(Bernadet et al. 1990, and references therein).

The longitudinal position of the height anomaliesin Figs. 4aand 4b is
roughly constant, indicating that the model’s intraseasonal AAM oscillation arises
from a standing wavenumber-two pattern in the NH extratropics. In Fig. 4a, the

SW-NE tilting pattern over the Atlantic is slightly stronger than over the Pacific. But



the reverse tilt (Fig. 4b) is much weaker in the Atlantic-European sector, and the
positive-anomaly feature is displaced northeastward, from being centered over the
British Isles to a center over Scandinavia. Since the NH topographic and thermal
surface features are far from two-periodic, this is not too surprising, and must be
related, at least in part, to the well-known differences between Pacific and Atlantic
blocking.

The SW-NE tilting phase of the NH 30-60 day oscillation illustrated in Fig.
4ais also reminiscent of the extended-jet phase of the 250 mb streamfunction
anomalies analyzed by Weickmann et al. (1985). Likewise, the NW-SE tilting
phase of Fig. 4b appears to be related to the contracted-jet phase of Weickmann. In
the model results shown here, however, the East Asian and North American jets are
extended during roughly the same phase of the 30-60 day oscillation, whilein the
work of Weickmann and colleagues (their schematic Fig. 7) the former is most
extended about one-quarter period ahead of the latter. The slight discrepancy in
phasing is due apparently to Weickmann et a. ( 1985) keying their 250 mb anomalies
to tropical OLR anomalies, which have a dominant wavenumber-one structure.
These phase relationships are further discussed from the standpoint of the leading
EOFS of the 500 mb height field in section 3.

Composite maps were a so constructed for days 94-225 of the run, when
the AAM oscillation in the NH extratropics was especially robust (cf. Fig. 7a of
MGD). Figs. 5a-d show the anomaly composites associated respectively with the
maximum, decreasing, minimum, and increasing phases of the AAM oscillation in
the NH extratropics during thistime, while Figs. 6a~-d show the corresponding full
composites, The standing wavenumber-two nature of the oscillation is generaly
well-maintained in the anomaly composites. In Fig. 5b, however, the positive
anomaly in the NEA sector is shifted northward, leaving an elongated negative

anomaly extending from North America across the Atlantic into northern Eurasia.
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This pattern is similar toEOF 4 of NH winter 700 mb height data analyzed by Ghil
and Mo (1991a — their Fig. 1 d), who found it to be associated with the 40-50 day
oscillation in that region.

[Figs, 5 and 6 near here, please]

The meridional orientation of the height anomalies reverses during each
guarter-cycle of the oscillation, with the anomalies over North America, in
particular, aligned roughly perpendicular to the Rockies during AAM extrema, and
paralel to the Rockies during phases of rapid AAM change. The sign of the
anomalies reverses at each half-cycle, with high (low) heights located to the east of
the Rockies and Himalayan Plateau during the increasing (decreasing) phase of the
AAM oscillation. While the net torque on the atmosphere is small during the phases
of AAM extrema, the surface pressure gradient across the Rockies and Himalayan
Plateau exerts a net eastward (westward) torque on the atmosphere during the phases
of increasing (decreasing) AAM (Marcus 1990). Recent studies using both
observations (Weickmann et a. 1992) and GCM results (Boer 1990) have
demonstrated a significant role for pressure torques in generating AAM fluctuations
on intraseasonal time scales. The relationship between the tilted-trough vacillation
cycle, surface pressure torques, and the dynamics of the NH extratropical oscillation
inthe UCLA GCM will be examined in greater detail in Part I of this study.

Similar oscillations have been found in numerical experiments performed by
Legras and Ghil (1985), using a barotropic model with idealized NH topography.
For a limited range of the constant thermal-wind forcing, regular oscillations with a
period of 37 model days were obtained, The barotropic model oscillation is aso
characterized by a standing wavenumber-two pattern, and undergoes asimilar form
of tilted-trough vacillation (M. Kimoto. pers. comrmun., 1986). These results are
confirmed by Tribbia and Ghil (1990), who used a more highly resolved equivalent-
barotropic model than Legras and Ghil (1985) or Kimoto, with realistic global
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topography. While the spatia details differ from those given by the GCM, the
overall similarity of these results to the composites presented in Figs. 4-6 suggests
that the GCM oscillation arises from the nonlinear interaction of the barotropic

component of the flow field with topography (see also Jin and Ghil 1990).

3. Principal component anaysis of the unfiltered height field
a. Leading EOFS of the 500 mb height field

The spatial characteristics of the model’s intraseasonal oscillation were
further investigated by an EOF analysis of the NH extratropical 500 mb height field.
The leading EOFS are similar to the composites discussed above, and afford
considerable insight into the dynamics of the oscillation. Examination of the
corresponding principal component (PC) time series, in particular, provides an
understanding of the ultra-low frequency behavior of the NH extratropical
oscillation, and serves to highlight its interaction with variations in other regions of
the global atmosphere.

Covariances for the 500 mb height field in the region 200N-—90°N were
calculated on a reduced, approximately equal-area grid of 445 points, similar to that
used by Barnston and Livezey (1987) for the Northern Hemisphere alone. The
fractional variances associated with the first 20 EOFs are shown for the unfiltered
and 36--60 day filtered heights by the solid and dashed lines, respectively, in Fig.
7. The efficiency of the description is considerably greater in the filtered case, with
the first two EOFS containing over 50% of the variance. Shorter spatial scales are
largely eliminated by the removal of the high-frequency portion of the fields; hence
the larger spatial scales associated with the low-order EOFS account for a greater
fraction of the variance for the time-filtered heights.

[Fig. 7 near here, please]
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The first three EOFs for the unfiltered 500 mb heights are shown in Figs.
8a--c. Since the covariance rather than the correlation matrix was used, the leading
EOFS have their maximum amplitudes near the centers of variability identified in
Fig. 2a, EOFS 1 and 3, in particular, have their centers of activity located in the
NEP and NEA regions, respectively, while EOF 2 shows evidence of a North-South
seesaw and a wavenumber-three pattern in the zonal direction.

[Fig. 8 near here, please]

Both EOFS 1 and 3 show adistinct SW-NE tilt, smilar to that seen in the
composite depicting the 500 mb height difference between the extremes of the AAM
cycle in the NH extratropics for the full run (Fig. 4a). EOF 1, in particular,
resembles the composite patterns over the Pacific and North America, while EOF 3
resembles the composite patterns over the Atlantic and Eurasia. While these two
EOFS represent, therefore, variability associated with the model’ s 36----60 day AAM
oscillation, EOF2 shows no distinct meridiona tilt, and little resemblance to the
36-60 day AAM composites.

Power spectrafor PCS 1 and 3 are shown in Fig. 9a by solid and dashed
lines, respectively, while the power spectrum for PC 2 is shown in Fig, 9b (note
difference in vertical scales). Both PCs 1 and 3 show spectral peaks in the 36-60
day range. The peak for PC 1, associated with variability centered upstream from
the Rockies (cf. Fig, 8a), lies within a bandwidth of the 42-day peak obtained for
the NH extratropical AAM series by MGD (their Fig. 5). The peak for PC 3 has
dightly less power than the PC 1 peak, athough its level of statistical significanceis
higher (95% vs 90% for the PC 1 peak). It is separated by about a bandwidth from
the PC 1 peak and may represent a distinct oscillation, as suggested by the AAM
analysis of Penland et a. (1991) that showed two distinct peaks in an analysis of
810 pentads (4050 days) of global AAM, at 48.5 and 51.0 days.

[Fig. 9 near here, please]
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PCs 1 and 2 also show enhanced variability at higher frequencies. The 21.5-
day and 15-day peaks for PC 1 are significant at the 95% level, while PC2 shows its
most significant departure from a red-noise process (80910) at a period of 25 days.
Composite 500 mb maps keyed to the 16-24 day globa filtered AAM (not shown)
exhibit a clear wavenumber-three pattern in the NH mid-latitudes, similar to that
shown by EOF 2. Branstator ( 1987) identified a 23-day oscillation in 500 mb height
data which had maximum amplitude over Canada. These higher-frequency
oscillations, therefore, may arise from the interaction of relatively shorter
atmospheric waves with topography, and necessitate the analysis of multi-level
fields (cf. Keppenne and Ghil 1994; Strong 1994).

The coherence estimate for PCs 1 and 3, shown in Fig. |Oa, exhibits a
maximum centered at 39 days, significant at the 99% level; another, sharper peak is
found near 15 days. The corresponding phase difference (Fig. 10b) shows that,
over theintraseasonal (36—60 day) band, variationsin PC 1 tend to lead those in
PC 3 by about six days. Thisis consistent with the composite life cycle of
Weickmann et al. (1985), as discussed in section 2c¢, and suggests thatintraseasonal
variations in the NEA region may partialy reflect the upstream influence of
topographically-generated disturbances in the NEP region.

[Fig. 10 near here, please]

The coherence between PCs 1—3 and the time series of AAM from the
model’s NH extratropics is shown in Figs. 11a-c, respectively. PCs 1 and 3 both
show peaks significant at the 99% level near periods of 40 days, indicating that
EOFS 1 and 3 of the 500 mb height field in the NH extratropics, along with the
AAM for that region, al participate in the model’ s 40-day oscillation, In addition,
PC 3 shows highly significant coherence with the AAMataperiodof51 days; this
peak is well separated from the 40-day coherence peak, but is statistically
indistinguishable in frequency from the 52.5-day spectral peak shown by PC 3 (Fig.
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9a), from the 5 1.0-day peak of globa AAM in Penland et a. (1991), and from the
50-day spectral peak found for tropical AAM by Dickey et al. (1991). This evidence
supports the existence of a separate oscillation with a period near 50 daysin the
NEA region (cf. Fig. SC), which may aso be involved in tropical-extratropical
interaction on thistime scale.

[Fig, 11 near here, please]
b. Correlation of PCs with the global 500 mb height field

The EOFS above were defined for 500 mb heightsin the NH extratropics
(200 N—90©°N). Correlations of the global 500 mb height field with the
corresponding PCs can serve, therefore, to highlight relationships between the NH
midlatitudes and other areas of the globe. Figs, 12, 13, and 14 present correlation
coefficients between 500 mb heights and PCs 1, 2, and 3 respectively, at different
lags. An arbitrary sign reversal was applied to the EOFs shown in Fig. 9 before
computing the correlations; this emphasizes, as we shall see, teleconnections with
the tropics.

[Fig. 12 near here, please]

The first three PCs were found to have decorrelation times of 4.3, 3.9, and
7.2 days, respectively. Decorrelation times for the 500 mb height anomalies vary
from point to point over asimilar range. If both data types are conservatively
assigned a decorrelation time of 7.2 days, the standard deviation of the estimated
correlation coefficient between the two data types under a null hypothesis of zero
true correlation is about 0.08 (see MGD, section 3b, for details of the statistical
assumptions made here). The subsequent correlation maps, therefore, use a contour
interval of 0.08, with contours starting at (plus or minus) 0.16. The contoured areas
therewith roughly indicate correlations significant at the 95% level.

For the height field leading PC 1 by six days (Fig, 12a) a significant area of
positive correlation occurs over Siberia, showing adistinct SW-NE tilt. A weak
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North-South correlation dipole is also found in the central North Pacific. At thislag,
however, significant correlations are generally restricted to the NH extratropics. For
the height field leading PC 1 by three days, the North-South dipole has strengthened
(Fig. 12b), and significant correlations now occur in the tropical mid-Pacific. The
SW-NE axis of high correlation over Siberia has also strengthened and has extended
southwestwards over the Arabian peninsula, with significant correlations now
covering the western half of the Indian Ocean down to a latitude of 100S. A similar
pattern has been derived by Murakami (1988) from composite 30—60 day variations
in the 850 mb streamfunction, keyed to eastward-propagating convective anomalies
in the tropical Indian and west Pacific oceans during NH winter (his“NA” burst).
The occurrence of this feature in the perpetual-January run increases our confidence
in the realism of the intraseasonal variability simulated by the GCM, and
underscores the extratropical origin of the teleconnection pattern described by
Murakami (1988).

The simultaneous correlation of the 500 mb height field with PC 1 (Fig.
12¢) resembles, of course, the corresponding EOF in the NH region (Fig. 8a—
note sign reversal). The area of positive correlation located over the northeast Asian
coastline bears a strong similarity to 850 mb correlation patterns associated with
outbreaks of polar air into the East China Sea obtained by Sumathipala and
Murakami (1988). These outbreaks may also be associated with intensified
convection in the far western tropical Pacific (Chang and Lau 1982; Hsu et al.
1990), providing a potential link between NH extratropical dynamics and the
development of intraseasonal tropical convective disturbances,

The largest correlation values at zero lag (Fig. 12¢) are found in the North-
South dipole occupying the mid-Pacific. The correlation maximum centered at
200N, 170°W is coincident with the isolated maximum of 36-60 day fractiona
variance at 500 mb obtained in Fig, 3 here and with maxima in fractional 28-72 day
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variance in OLR and 250 mb streamfunction fields found in multi-year data sets by
Weickmann et al. (1985). This area also coincides with the preferred location of the
mid-Pacific trough, which serves as a conduit for tropical-extratropical interactions
on the 30-60 day time scale (Magaia and Yana 1991), The presence of this
activity center in a GCM simulation with no sustained MJ oscillation, therefore, as
well asits high correlation with PC 1 of the NH extratopical 500 mb height field,
indicates that a substantial part of thisinteraction may originate in the extratropics.

When the 500 mb height field lags PC 1 by three days (Fig. 12d), the
correlation maxima found at lag zero over North America and the mid-Pacific (cf.
Fig. 12¢) join into a single coherent pattern, extending southwestwards from
Hudson Bay to New Guineain the western equatoria Pacific. A similar patternis
documented by Murakami (1988) in 30—60 day composites of the 200 mb
streamfunction keyed to intraseasonal OLR disturbances during NH winter (his
category-3), again indicating that the GCM captures a substantial part of the
observed intraseasonal NH winter variability: even in the absence of the MJ
oscillation.

The correlation with the 500 mb height field lagging PC 1 by six days (Fig.
12¢) does not progress further eastward, but decays in place, i.e. large-scale
correlations with PC 1 do not propagate beyond North America, Similarly, the area
of high correlation located over Siberia leading PC 1 by six days (Fig. 12a)
propagates only to the East Asian coastline before decaying. The major correlation
center located over the NEP aso moves only dlightly eastwards before decaying.
The oscillation associated with EOF 1, therefore, appears to be primarily standing,
in agreement with the conclusions of sections 2b and c.

The correlation pattern obtained with the 500 mb height field leading PC 2 by
SiX days (Fig. 13a) shows a North-South seesaw, with only a little of the
wavenumber-three pattern characterizing EOF 2 (Fig. 8b) present, and a deep trough
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over Central Asia. With the height field leading PC 2 by three days (Fig. 13b) the
wavenumber-three pattern becomes evident, although the center over Japan is
displaced westwards from the corresponding North Pacific maximum of the EOF
pattern, while the Central Asian trough has moved perceptibly eastwards. The
simultaneous correlation pattern (Fig. 13c) closely mimics EOF 2 (Fig. 8b — note
sign reversal), although the North-South Seesaw is stronger in the correlation map
than in the EOF. Moreover, the features here are quite pronounced over Eurasia,
while EOF 2, like the Branstator (1987) wave, is strongest over North America, and
the evidence here points to eastward, rather than westward propagation. In contrast
with the simultaneous pattern obtained for EOF 1 (Fig. 12c), correlations with the
tropics are quite weak.

[Fig. 13 near here, please]

With the 500 mb height field lagging PC 2 by three days (Fig. 13d), a
tongue of positive correlation extends southwestwards from North America into the
Pacific, with aweaker amplitude but the same orientation as a Similar belt seenin the
correlations with PC 1 (e.g., Fig. 12d). At alag of six days (Fig, 13e) the tropical
correlations of 500 mb height with PC 2 become most evident, showing also a mid-
Pacific dipole similar to that obtained with PC 1 (Fig. 12a).

With the 500 mb height field leading PC 3 by six days (Fig. 14a), a North-
South dipole is visible in the eastern North Atlantic, similar to the correlations
obtained above with PCs 1 and 2 in the Pacific. As the lead for the height field is
reduced to three days (Fig. 14b) and to zero days (Fig. 14c), the dipole intensifies
and becomes joined to an area of high correlation centered over the eastern
Mediterranean, giving rise to an elongated feature extending southwestwards from
central Asiainto the subtropical Atlantic. These features are similar to the SW-NE
trending correlations obtained with PC 1 from Siberiainto the Indian Ocean (Fig.
12b) and from North America into the sub-tropical Pacific (Fig. 12d), implying that




19

similar dynamic interactions link the extratropics and tropics over the Atlantic,
Indian, and Pacific oceans in the model.

[Fig. 14 near here, please]

Simultaneous correlations with PC 3 are also found extending
southwestwards from North America into the West Pacific, resembling those
obtained with PC 1 at alag of six days. Thisis consistent with the six-day lag
found in the coherence estimate for PCs 1 and 3 in the 36--60 day frequency range
(Fig. 10b). EOFS 1 and 3 represent manifestly two different phases of the NH 36--
60 day oscillation, about six days apart. Their not being one-quarter period out-of-
phase, nor spatially in quadrature, indicates clearly the nonlinear character of the
oscillation, in agreement with the theoretical work of Ghil (1987), Jin and Ghil
(1990) and Tribbia and Ghil (1990).

The zero-lag correlation pattern with PC 3 (Fig. 14c) is particularly
reminiscent of the 250 mb streamfunction-anomaly composite of Weickmann et al.
(1985) for their positive Atlantic index phase (their Fig. 9d); very dight shiftsin
pattern are clearly due to the difference in height level, field variable and phase
within the oscillation. In a comparison of tropical OLR variations with 500 mb data
from the NH extratropics, Liebmann and Hartmann (1984) found that height
anomalies with a SW-NE tilt were correlated with equatorward wave energy
propagation and the subsequent enhancement of convective activity to the southeast.
This is consistent with the findings of Weickman et a. (1985), who demonstrated
that similar height anomalies (their Fig. 9d) tend to be followed by enhanced
convection over equatorial Africa and the Western Indian Ocean, initiating another
cycle of the MJ oscillation.

The correlation pattern with the 500 mb height field lagging PC 3 by three
and six days (Figs. 14d,e) shows dlight southeastward propagation towards the

Indian ocean, consistent with the equivalent-barotropic Rossby wave originating in



the Atlantic documented by Hsu et al. (1990 -— their Fig. 6). They showed that the
arrival of aregion of ascent associated with this wave triggered large-scale cumulus
heating in the western Indian ocean, giving rise to subsequent downstream
convective anomalies associated with the devel opment of the 1985/86intraseasonal
oscillation. The occurrence of a similar wave train in this version of the UCLA
GCM with no MJ oscillation suggests that variability originating in the extratropics
may play a key role in modulating the equatorward flux of wave energy, and lead to

the initiation of nearly periodic flare-ups of convective activity in the tropics.

4. PC analysis of the filtered height field
a. Relationship of leading intraseasonal EOFS to MM variations

In order to focus on the dynamics of the model’s AAM oscillation, the 500
mb height field at al grid points was filtered to retain variations in the 36-60 day
band. The first three EOFs of the filtered height field in the NH extratropics
(hereafter referred to as EOFFs) are shown in Figs. 15a-c. The NEP and NEA
centers of action (Fig. 2b) are emphasized, as for the unfiltered EOFs (Figs, 8a-C).
EOFFS 1 and 2 represent approximately in-phase and out-of-phase fluctuations of
these two centers, respectively; together they account for more than 50% of the
variance of the filtered heightsin the NH extratropics (Fig, 7, dotted line).

[Fig. 15 near here, please]

EOFF 1, in particular, bears a strong resemblance to the composite pattern
associated with the difference bewteen the low and high phases of the intraseasonal
AAM cycle (Fig. 4a). Not surprisingly, therefore, the correlation between the
comesponding PC (referred to as PCF 1) and the filtered NH extratropical AAM at
small lags is strongly negative (see Fig. 16), reaching an amplitude of-0.82 with
the PCF 1 leading by two days. The pattern for EOFF 1 resembles that for EOF 1
(of the unfiltered 500 mb heights) over the Pacific and North America, and that for
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EOF 3 over the Atlantic and Eurasia. The amplitude of PCF 1, and hence of the
AAM oscillation, is therefore largest when PCs 1 and 3 (of the unfiltered heights)
oscillate approximately in phase. In this connection, it is worth noting that the beat
frequency between the intraseasonal peaks for PCs 1 and 3 (Fig, 9a) is
approximately 300 days, similar to the approximate periodicity for the envelope of
the AAM oscillation (see Fig. 7 of MGD). It islikely, therefore, that the model’s
amplitude-modulation cycle originates from the dlightly different intraseasonal
frequencies associated with the NEP and NEA centers of variability (see also
Penland et al. 1991).

[Fig. 16 near here, please]

The leading PCFS have, a priori, most of their variance in the 36-—60 day
band. Due to the orthogonality constraint, therefore, PCFS 1 and 2 oscillate in
guadrature with each other. Because of the high correlation of PCF 1 with the
filtered NH extratropical AAM, therefore, PCF 2 has only a small correlation at zero
lag with this AAM series (Fig, 16), Hence, the out-of-phase fluctuations of the
NEP and NEA centers characterizing EOF 2 (Fig. 15b) contribute little to the overall
strength of the 36—60 day AAM oscillation.

EOFF 3 shows both a North-South seesaw and a wavenumber-three pattern
in the zonal direction (Fig. 15¢), and bears a marked similarity to EOF 2 for the
unfiltered 500 mb heights (Fig. 8b). While the time variability for PCF 3 (not
shown) is mostly confined — due to the pre-filtering -— to the 36--60 day band, the
power spectrum for PC 2 shows its greatest departure from red noise at a period of
25 days (Fig. 9b). The similarity between the spatia patterns of EOF 2 and EOFF 3
suggests, therefore, that this mode may be involved in the nonlinear interaction of
the 36-60 day band with higher-frequency oscillations (cf. Jin and Ghil 1990;
Tribbia and Ghil 1990).
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b. Correlation of PCFs with the filtered S00 mb height field

Global correlations of the 36-60 day filtered 500 mb height field with the
first three NH PCFS are presented in Figs. 17-19, The plotted contours begin at
plus and minus 0.40, and an arbitrary sign reversal has been applied, in order to
emphasize correlations with the tropics, as in Figs. 12—14. Formal significance
levels are not presented, since the emerging patterns correspond to physical features
corroborated by other results.

With the height field leading PCF 1 by six days (Fig. 17a), the wavenumber-
two pattern characterizing the corresponding EOFF (Fig, 15a — note sign reversal)
Is apparent in the NH extratropics, and shows a pronounced NW-SE tilt.
Correlations in the tropics are virtually absent, with the exception of a mid-Pacific
dipole pattern similar to those found for the unfiltered EOFs. With the height field
leading PCF 1 by three days (Fig. 17b) the wavenumber-two pattern in the NH
extratropics intensifies, while the meridional tilt seen in Fig. 17ais less evident,
Extensive areas of positive correlation are now found in the tropics, extending from
equatoria Africainto the Indian and West Pacific oceans, and terminating in an
intense correlation maximum found in the sub-tropical central Pacific. Note that this
pattern resembles the correlation dipole found with PC 1 (Figs. 12b,c), consistent
with the large 36—60 day variance fraction found in this region,

[Fig. 17 near here, please]

At zero lag the meridional tilt of the anomalies in the NH extratropics begins
to reverse (Fig. 17¢), while the positive correlations have completely covered the
tropics. With the height field lagging PCF 1 by three days (Fig. 17d) the
wavenumber-two pattern in the NH extratropics takes on a distinct SW-NE tilt,
athough the intensity of the pattern has weakened somewhat, The correlations in
the tropical belt, on the other hand, have reached their maximum intensity, with the

highest values for the globe now located in the tropical mid-Pacific. With the height




field lagging PCF 1 by six days (Fig. 17€) the correlations in the tropical belt remain
strong, although the pattern in the NH extratropics, where the corresponding EOFF
is defined, has almost disappeared,

The meridional tilt of the NH extratropical correlations with PCF 1 changes
from SE-NW at alead of six days (Fig. 17a) to SW-NE at alag of three days (Fig.
17d), when the zonally symmetric, negative height departure in the tropics reaches
its maximum amplitude, and the NH extratropical AAM isat its minimum (cf. Fig.
164). Thus, the tilted-trough vacillation cycle in the NH extratropics appears to be
associated with the zonally symmetric anomalies in the tropics discussed by MGD
(their section 3g). Note that the longitude of the NH extratropical correlation centers
remains fixed as their meridional tilt changes from SW-NE to SE-NW during the
quarter-phase of the tilted-trough cycle shown here, in keeping with the standing
nature of the oscillation.

With the filtered 500 mb height field leading PCF 2 by six days (Fig. 18a)
the pattern characterizing EOFF 2 is already visible in the NH region (note sign
reversal from Fig. 15b), although the North Pacific center isrelatively weak and is
shifted westwards from its main location. Correlations in the tropics are well-
developed, and bear a strong resemblance to the negative of the tropical correlations
obtained with EOFF 1 at a lag of six days (Fig. 17€). Thisis consistent with the 12-
day lag existing between PCF 1 and the negative of PCF 2 (Fig. 16b); indeed, the
smaller magnitude of the correlations obtained here indicates that the variationsin
EOFF | — with the Pacific and Atlantic anomalies in phase, rather than in EOFF 2,
where they are out-of-phase -- are driving the zonally symmetric oscillation in the
model tropics.

[Fig. 18 near here, please]

With the filtered 500 mb height field leading PCF 2 by three days (Fig. 18b),
the tropical correlation pattern has weakened considerably. The intense dipole
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visible in the Eastern Atlantic at alead of 6 days (Fig. 18a) is still in evidence,

however, and resembles strongly the correlation patterns obtained in that area with
EOF 3 (Fig, 14c — note that EOF 3 has a positive center whileEOFF 2 is negative
in this areq). The resemblance between the correlation patterns of PC 3 with the
unfiltered heights and PCF 2 with the filtered heights is consistent with the strong

intraseasonal variability shown by PC 3 (dashed linein Fig. 9a).

Correlations of the filtered 500 mb height field computed simultaneously
with or three days after PCF 2 (Figs. 18c,d respectively) show decreasing areas of
significance in the tropics. This confirms that the tropical correlation features arise
indirectly, through the phase relationship between PCF 2 and PCF 1 shown in Fig.
16b. The correlation with the filtered 500 mb heights lagging six days behind PCF
2 (Fig. 18e) resembles that obtained with the heights leading PCF 1 by six days
(Fig. 17d), consistent with the 12-day lag of PCF 1 behind the positive phase of
PCF 2 (left half of Fig. 16b).

Since the variance carried by EOFF 3 is considerably less than that
associated with the two leadingEOFFs of the filtered 500 mb height fields (Fig. 7),
the correlation levels of the global height field with PCF 3 (Figs. 19a-€) are
generally less than those for the first twoPCFs. While the simultaneous correlation
pattern resembles EOFF 3 (Fig. 15c¢, with a change in sign), little significant
correlation with other areas of the globe is found. Thecorrelatons at |ags or leads of
three and six days resembl e the simultaneous pattern, with the magnitude of the
correlations decaying as the lag or lead increases.

[Fig, 19 near here, please]

While the largest correlations with the PCFSoccur in the NH extratropics
and the tropics, it isintriguing to note pronounced tongues of positive correlation
with the height field lagging PCF 1 (Figs. 17c—e) and leading PCF 2 (Figs. 18a—

c) in the SH mid-latitudes. These tongues have a general NW-SE orientation and a
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wavenumber-three structure (compare Mo and Ghil 1987), occurring just west of

Australiaand of South America, and west of or over South Africa, In addition, one
area of large positive correlation with the height field leading PCF3 is found in the

SH mid-latitudes (Figs. 19a—c), namely the Tasman Sea and New Zealand. Thisis

an area of pronounced SH blocking (e.g., Trenberth and Mo 1985),

5. Interaction of cumulus heating with dynamical variability

The extensive spatial correlations obtained between the tropical 500 mb
height field and PCF 1 (Figs, 17c—e) indicate that a zonally Symmetric oscillation in
the model tropics is associated with the standing wavenumber-two pattern
represented by EOFF 1 in the NH extratropics. Fig. 20 shows the lag correlation
between PCF 1 and the area-averaged 500 mb height anomaly for the tropics
(200S—20°N), filtered in the 36—60 day band. The strong correlation (-0.86 with
PCF 1 leading by three days — recall sign change in Fig. 17d) indicates that
variations in the model are closely coupled to the dynamics of the NH extratropics
on intraseasonal time scales. MGD showed that this relationship takes the form of a
meridional exchange of mass between the tropics and NHextratropics, occurring in
conjunction with the AAM oscillation in the latter region. MGD further
demonstrated the lack of sustained intraseasonal variationsin the tropics’ zonally
averaged latent heating; the model’s tropical oscillation is thus driven dynamically,
rather than thermodynamically.

[Fig. 20 near here, please]

A search was also made forintraseasonal variations in convective activity in
the Indian and Western Pacific Oceans, where the OLR signature of the MJ
oscillation is clearest. Figs. 21 a—f show spectra for cumulus precipitation from six
regions measuring 24 degrees latitude by 25 degrees longitude, centered along the

equator between longitudes 55°E and 60°W. The first of these regions, occupying




the Western Indian Ocean and coinciding approximately with the area of 500 mb
heights found to be significantly correlated with PC 1 at alead of three days (Fig.
12b), shows a distinct peak at aperiod of 39 days (Fig. 21a), significant at the 95%
level with respect to an AR 1 process (see MGD for details of the statistical model),
Since the spectral peak for PC 1 occurs at 45 days (Fig. 9a), the model oscillation
comncides Well' m'trequency with an observed enhancement of SUMMer precipitation
in southern India found by Hartmann and Michelsen (1989) at periods of 40—45
days.

[Fig. 21 near here, please]

The coherence between PC 1 and the cumulus precipitation in the western
Indian Ocean (henceforth denoted as WIOCP) is plotted in Fig. 22. The largest peak
for the frequency range shown is at 45 days, within a bandwidth of the NH AAM
oscillation frequency (see Fig. 5 of MGD). The maximum coherence is significant
at the 95% level, while the phase difference between PC 1 andWIOCP (not shown
— see, however, Marcus 1990, Fig. 60) is not significantly different from zero.
Comparison with Fig. 12b, therefore, indicates that cumulus convection in the
western Indian ocean tends to be enhanced about three days after the passage
through that region of a trough associated with EOF 1 of the NH extratropical 500
mb height field (recall the sign reversal applied to the correlations computed from the
EOFs). Given the lack of a sustained MJ oscillation in the perpetual -January
smulation, therefore, the most likely source of nearly periodic excitation for the
model’ s convective activity in this region is the intraseasonal oscillation arising in the
NH extratropics.

[Fig. 22 near here, please]

A comparison of WIOCP spectra from the three no-mountain experiments
(see Table 1 of MGD) with similar spectra from the standard-topography experiment

(see Fig. 23) confirms this hypothesis. None of the spectra from the no-mountain



runs show peaks within a bandwidth of the WIOCP oscillation in the standard-
topography experiment, while spectra for three 315-day segments of the standard
experiment, chosen to have approximately the same length as the average duration of
the no-mountain runs, all, have WIOCP peaks within this range, While none of the
peaks in Fig. 23 are statistically significant due to the shortness of the records
considered (the first 40 days were dropped from each no-mountain run to eliminate
transients), these results imply that the intraseasonal WIOCP pesk in the full 1120-
day standard experiment (which is significant at the 95% level) arises from the
interaction of the extratropical flow field with topography, as does the 40-day AAM
oscillation,

[Fig. 23 near here, please]

The spectra for cumulus precipitation in regions 2-6 from the standard-
topography run (Figs. 2 Ib-f) do not show any significant peaks in the 36-60 day
band. Considerable activity is evident in the 16-24 day band, however, as was
found for global AAM variations by MGD. In particular, significant peaksin
cumulus precipitation are found at periods of 20 and 16.5 days over the Maritime
Continent (Fig. 2 1c) and New Guinea (Fig. 2 1d) regions, respectively. These may
be related to higher-frequency modes, at 20—25 and 1& 17 days, found in tropical
observations (e.g., Ghil and Mo 199 la; Hartmann et al. 1992). Cumulus
parameterization schemes employed in GCMS, on the other hand, often produce
vertical heating profiles with excessive equivalent depth, that lead to unrealistically
high frequencies in the tropics (e.g., Hayashi and Sumi 1986; Lau and Lau 1986;
Neelin et al. 1987; Pitcher and Geisler 1987), and a similar tendency exists in this
version of the UCLA GCM (Tokioka et al. 1988), An improved cumulus scheme
with convective downdraft pararneterization (Cheng and Arakawa 1991 1993),
currently under development, is expected to produce a more realistic MJ simulation

in the UCLA GCM; it should afford the opportunity to examine the interaction
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between tropical and extratropical intraseasonal variability in a model in which the

two variabilities are equally well represented.

6. Concluding remarks
a. Summary

We have studied the dynamicsof intraseasonal oscillationsin aversion of the UCLA
GCM which does not exhibit a sustained Madden-Julian (MJ) oscillation in the tropics.
The zonally symmetric aspects of the oscillation, particularly as they pertain to atmospheric
angular momentum (AAM) variations, were investigated in Part | of this study (Marcus et
al. 1994, referred to as MGD throughout the main text here). They found a robust, 42-day
oscillation in the NH extratropics during a three-year “ perpetual-January” experiment,
accompanied by a barotropic, zonally symmetric oscillation in the tropics. No periodicity
was found in the zonally averaged tropical latent heating, however, confirming that the
model oscillation is driven dynamically, rather than thermodynamically. Three shorter “no-
mountain” experiments failed to produce intraseasonal oscillations, consistent with a
topographic origin as hypothesized by Ghil and colleagues [Ghil 1987; Ghil and Childress
1987 (pp. 164-201); Jin and Ghil 1990].

In the present part II of the study we address the spatial aspects of the model’ s 40-day
oscillation, focussing in particular on the NH extratropical 500 mb height field and its
teleconnections with other areas of the globe. The mean 500 mb height field in the
standard-topography experiment is characterized by ridges over the western coasts of North
America and Europe and over the Tibetan plateau, in agreement with observations. These
features are virtually absent in the no-mountain experiments, however, which are
characterized by nearly zonal flow (see Fig. 1). The lack of intraseasonal oscillations in the
no-mountain runs is consistent with the work of Jin and Ghil (1990), who found them to

arise from the weakly-nonlinear interaction of quasi-resonant flow with the underlying

topography.
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Intraseasonal variations in the 500 mb height field are concentrated primarily over the
northeastern Pacific (NEP) and Atlantic (NEA) oceans, respectively (see Fig. 2), A map of
the ratio of intraseasonal to total variance in the model’s 500 mb field (Fig. 3) shows
considerable resemblance to patterns found by other investigatorsin OLR and 250 mb
streamfunction data, indicating that the 500 mb field representative of the intraseasonal
oscillation. The oscillation is characterized by a standing wavenumber-two pattern in the
NH extratropics (Fig. 4), which undergoes tilted-trough vacillation in conjunction with the
model’s AAM cycle. The tilt changes from SW-NE, when the AAM is maximum or
minimum, to SE-NW when it is decreasing or increasing; the largest height gradients are
located over major topographic features (i.e., the Rockies and Tibetan plateau; see Fig. 5).
A detailed analysis of the torques responsible for the AAM oscillation will be presented in
Part 111 of this study.

The first and third EOFS of the unfiltered 500 mb height field in the extratropics are
concentrated in the NEP and NEA regions, respectively (Fig. 8). Power spectra of the
corresponding PCs both show peaks in the intrase asonal range, with EOF 3 having a
dightly longer period (Fig. 9), and tending to lag behind EOF 1 by about six days (Fig.
10). The second EOF has a wavenumber-three pattern, with the spectrum of the
corresponding PC showing its most significant departure from red noise at a period of 25
days, these higher-frequency oscillations may be related to the 23-day wave found by
Branstator (1987) and Kushnir (1987), and to oscillations of similar period documented by
Ghil and Mo (19914).

The first EOF of the 36-60 day filtered height field (EOFF 1) represents in-phase
variations between the NEP and NEA centers, while EOFF 2 is characterized by out-of-
phase variations of the two (Fig, 15). The large (negative) correlation of PCF 1 and very
small correlation of PCF 2 with the filtered AAM time series (Fig. 16) indicates that
intraseasonal AAM fluctuations are strongest when the NEP and NEA centers oscillate in

phase, with high (low) zonal wind speeds associated with low (high) 500 mb height
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anomalies over both centers. The 300-day modulation in the strength of the model’s AAM
oscillation noted by MGD (their Fig. 7) arises from interference between the slighly
differing frequencies of the NEP and NEA centers (44.5 and 52,5 days, respectively;
compare Penland et al. 1991).

Pointwise correlations of the global 500 mb height field with the leading PCs of the
NH extratropical 500 mb height field were used to investigate extratropical-tropical
teleconnections in the model. Correlation patterns of the unfiltered heights with PCs 1 and
3 showed a characteristic SW-NE tilt, indicative of equatorward energy propagation
(Liebmann and Hartmann 1984), while correlations with PC 2 (which did not exhibit
strong intraseasonal variations) lacked this feature. In particular, a strong resemblance was
noted between the 500 mb correlation pattern leading PC 1 by three days (Fig. 12b) and the
“NA” burst documented by Murakami ( 1988), and between the 500 mb correlation pattern
with PC 3 (Fig, 14c) and the “ positive Atlantic phase” documented by Weickmann et al.
(1985). Since both of these observed patterns are derived from composites related to the
MJ oscillation, which is lacking in this version of the model, our results underscore the
potential role of extratropical processes in the dynamics of the global intraseasonal
oscillation, as suggested by several observational studies (e.g., Liebmann and Hartmann
1984; Lau and Phillips 1986; Murakami 1988; Hsu et al. 1990; Ghil and Mo 1991a,b).

No significant intraseasonal periodicity was found for the zonally-averaged cumulus
convection in the tropics during the standard-topography experiment by MGD (their Fig.
16; see also Marcus 1990). An analysis of cumulus convection in 240x25° latitude-
longitude boxes located along the equator from the western Indian ocean (WIO) to the
dateline — where the OLR signature of the MJ oscillation is the strongest — shows,
however, localized activity in both the 36--60 and 16-24 day bands (see Fig. 21). In
particular, cumulus precipitation in the WIO (referred to as WIOCP in the main text) has a
significant peak at 39 days, which is statistically indistinguishable from the period of the
AAM oscillation in the NH extratropics (MGD, Fig. 5). Since the fastest growth rate for
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intraseasonal convective disturbances is observed in the WIO (Rui and Wang 1990), it is
likely that the intraseasonal periodicity found in WIOCP represents an “incipient” MJ
oscillation in this version of the model, a version which fails to smulate the subsequent
eastward propagation of sustained convective activity associated with the observed MJ
oscillation, Higher-frequency variations seen at periods of 20 and 16.5 days over the
Martime Continent and New Guinea, respectively, may be related either to 20-25 and
16-17 day modes found in the tropics (e.g. Ghil and Mo 19914) or to unredlisticaly high
frequencies associated with the excessively deep cumulus heating profiles found in this and
severa other GCMs. An improved cumulus scheme with convective downdraft
parameterization (Cheng and Arakawa 1991, 1993), currently under development, is
expected to produce a more realistic MJ simulation in the UCLA GCM.
b. Discussion

What is the source of the “incipient” MJ oscillation found in the standard-topography
model? Since the version of the UCLA GCM used in this study lacks a fully-developed MJ
oscillation in the tropics, it appears unlikely that waves propagating eastward around the
equator could be the source of the intraseasonal periodicity, as proposed in several studies
of the MJ oscillation (e.g., Lorenc 1984; Knutson and Weickmann 1987; Lau and Peng
1987). Indeed, WIOCP spectra from all three of the no-mountain runs have their largest
power in the 16-24 day band (Fig. 23), while spectra for three 315-day segments of the
standard-topography run, chosen to have approximately the same length as the average
duration of the no-mountain runs, all show WIOCP peaks at periods near 40 days. Thusit
appears likely that the WIOCP oscillation arises from remote effects of the same
topographic instability mechanism found by MGD to generate the NH extratropical AAM
oscillation, with approximately the same period, in the standard-topography experiment.

Remote forcing of intraseasonal cumulus activity in the. WIO can be induced by

Rossby wave trains propagating from the subtropics, as found by Hsu et al. (1990) in a
case study of oscillationsduring the winter of 985-86. They showed that a strong episode
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of convection was triggered by the arrival of aregion of ascent associated with awave train
consisting of NE-SW oriented anomalies, extending southeastward from the Atlantic across
the Mediterranean and north Africa to the WIO (their Fig. 6). Weickmann et al. (1985)
found that a similar wave train (their Fig. 9d) tends to precede the beginning of a new cycle
of MJ convection in the Indian Ocean. These results are consistent with the findings of
Liebmann and Hartmann (1984), who showed that 500 mb height anomalies with a NE-
SW tilt are correlated with equatorward wave-energy propagation and the subsequent
enhancement of convective activity to the southeast.

These observed features bear a strong qualitative resemblance to EOF 3 of the NH
extratropical 500 mb height field in the model (Fig. 8¢), and to the correlation of the global
500 mb height field with PC 3 (i.e., the time-varying amplitude of EOF 3 — see Fig. 14c).
Lagged correlations of the 500 mb height field with PC 3 (Figs. 14d,e) show awave train
propagating southeastward towards the Indian Ocean; significant correlations associated
with the wave train do not actually reach the WIO, however, and no significant coherence
is found in the model between intraseasonal variations in WIOCP and PC 3 (not shown).
While the extratropical oscillation in the GCM produces wave trains similar to those
identified by Hsu et al. (1990) and Weickmann et al. (1985) as precursors to the tropical
MJ oscillation, therefore, these Atlantic-sector teleconnections are not directly linked to
cumulus activity over the WIO in this version of the model.

In the Pacific sector, correlations of PC 1 with the global 500 mb height field at lags
of -3 days (Fig. 12b) and +3 days (Fig. 12d) bear a strong resemblance to the “NA” and
“NP’ surges, respectively, derived by Murakami (1988) from 30-60 day filtered
composites of the 850 mb streamfunction during northern winter. Both the GCM and the
observed NA teleconnection patterns have a pronounced NW-SE tilt, extending from
Siberia dong the western Tibetan Plateau to the Arabian Sea and the WIO. Cumulus
precipitation in the model WIO shows significant coherence with PC1 in the intraseasonal

band (Fig. 22), and reaches its maximum intensity at a lag of three days after the passage
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through the WIO of a trough associated with EOF 1 of the NH extratropical 500 mb height

field (Fig. 12b). The observed NA composites were keyed to minimum OLR in the eastern

Indian Ocean, however, and are most strongly correlated with intraseasonal convection in

the western Pacific at alag of 15 days. While the mechanism for this remote effect is not
clear, the subsequent appearance of convection over the western Pacific may be triggered
by NP surges, which tend to follow the NA pattern at about the same lag (Murakami

1988), In the GCM, however, the NP pattern (Fig. 12d) follows the NA pattern at a lag of

only 6 days, and does not show significant coherence with cumulus precipitation over the
western Pacific,

Some differences are found, therefore, between simulated and observed features of
tropical-extratropical interaction in the intraseasonal band during NH winter. The lack of
an MJ oscillation in this version of the model renders the similarities more noteworthy,
however, and strengthens the working hypothesis that intraseasonal variability originating
in the extratropics may play a key role in modulating the equatorward flux of wave-energy,
and lead to theinitiation of nearly periodic flare-ups of convective activity in the tropics
(Liebmann and Hartmann 1984; Murakami 1988; Hsu et a. 1990), In order to verify this
hypothesis, further studies will be needed to determine the nature and origin of the wave-
energy fluxes involved, and the specific mechanisms by which they influence tropical

convective activity on intraseasonal time scales.
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Figure Captions

Fig. 1. Mean 500 mb height field. (a) Standard-topography run; (b) last 360 days of the
longest no-mountain run. A 50° overlap in the longitude scale is used here and in all
subsequent maps to improve legibility of patterns cut off by the maps’ right and left
margins.

Fig. 2. (&) Root-mean-sgquare (rms) departure of 500 mb height from its mean value during
the standard-topography run; (b) asin (a), for the 500 mb height filtered in the 36—60 day
band at each grid point. (c) Power spectrum of the daily rms change of the 500 mb height
field on an equal-area grid for the NH extratropics (20°N-90°N). The bandwidth on this
and all subsequent spectra having logarithmic abscissa pertains only to the frequency at
whichit is plotted.

Fig. 3. Ratio of 36--60 day filtered to the unfiltered rms height departure at 500 mb for the
standard-topography run. Contour interval is 0.04, starting at 0,20. Note the pronounced
southwest-northeast tilt of theintraseasonal variance maxima in the NH extratropics.

Fig. 4. Composite 500 mb maps. (a) For days on which the 36-—60 day NH extratropical
AAM exceeded 1.5 time its rms value during the standard-topography run; maps for days
with a negative (positive) anomaly were added with a positive (negative) sign. (b)
Constructed from maps taken 12 days earlier than those included in (a). Contour interval
is 20 m; solid (dashed) lines show positive (negative) anomalies in this and subsequent
figures.

Fig. 5. Composite 500 mb anomalies from days 94-225 of the standard-topography run,
corresponding to the (a) maximum, (b) decreasing, () minimum, and (d) increasing phase
of the 36-60 day AAM cycle in the NH extratropics (200N—90°N).

Fig. 6. Asin Fig. 5, for the full 500 mb height field from days 94-225 of the standard-
topography run.
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Fig, 7. Variance fraction carried by the first 20 EOFS for the unfiltered (solid) and 36--60
day filtered (dotted) 500 mb height fields. Note the greater efficiency of the EOF
decomposition for the filtered case.

Fig, 8. First three EOFS (panels a-c) for the. unfiltered 500 mb height fields for the NH
extratropics from the standard-topography run, computed on a reduced grid of 445 points.
Fig. 9. Power spectrafor the leading three PCs of the unfiltered 500 rnb height fields for
the NH extratropics from the standard-topography run. The period on this and all
subseguent spectra ranges from two weeks (right margin) to ten weeks (left margin), (a)
PC 1 (solid) and PC 3 (dashed); the 44.5-day peak for PC 1 is significant at the 90% level
with respect to an autoregressive process of order one (ARL: not shown), while the 52.5-
day peak for PC 3 is significant at the 95% level, (b) PC 2 ; note differencein the vertica
scale.

Fig. 10. Phase relationship between PCs 1 and 3 of the unfiltered 500 mb height field from
the NH extratropics. (8) Squared coherence; highly significant peaks (> 99%) are found at
periods of 39 and 15.5 days. (b) Phase difference; over the intraseasonal (36-60 day)
band, PC 1 tends to lead PC 3 by about 6 days.

Fig. 11. Squared coherence of (a) PC 1, (b) PC 2, and (c) PC 3 with the NH extratropical
AAM from the standard-topography run.

Fig. 12. Correlation coefficient of PC 1 (defined in the NH extratropics) with the global
500 mb height field. The lag for the 500 mb height field increases by three days per frame,
starting from -6 days for frame (a). Solid (dashed) contours begin at 0.16 (—O0. 16),
representing correlations significant at approximately the 95% level (see text), and increase
(decrease) in steps of 0.08. The sign of the PC was reversed before plotting the
correlations, in order to emphasize tropical teleconnections by solid contours.

Fig, 13. Asin Fig. 12, for PC 2.

Fig. 14. Asin Fig. 12, for PC 3.
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Fig. 15. First three EOFS (panels a-c) for the 36-60 day filtered 500 mb height fields
from the NH extratropics for the standard-topography run.

Fig. 16. Cross-correlations between the 36-60 day filtered AAM from the NH
extratropics and the two leading PCFS for the standard-topography run,

Fig. 17. Correlation coefficient of PCF 1 with the 36—-60 day filtered 500 mb height field.

The lag for the 500 mb height field increases by three days per frame, starting from —6
days for frame (a). Solid (dashed) contours begin at 0.40 (-0.40) and increase (decrease)

in steps of 0.10. The sign of the PCFS was reversed before plotting the correlation, in
order to emphasize tropical features.

Fig. 18. Asin Fig. 17, for PCF 2.

Fig. 19. Asin Fig, 17, for PCF 3.

Fig. 20. Cross-correlation between PCF 1 and the average 500 mb height field in the
tropics (200S—200N) filtered in the 36-—60 day band.

Fig. 21. Spectra of cumulus precipitation from the model’ s standard-topography run,

computed for six separate regions (panels ato f), extending from 12°S to 12°N over the
longitudes indicated. The bandwidth is the same for al panels, but is plotted at different
ordinates for ease of viewing, The peak at 39 days in panel (a) is significant at the 95%
level with respect to an AR 1 process; so are the peaks at 20 daysin panel (c) and at 16.5
days in panel (d).

Fig. 22. Coherence squared of WIOCP (cumulus precipitation in the western Indian ocean)

with PC 1 of the 500 mb height field from the NH extratropics. The phases of WIOCP and
PC 1 (not shown) are statistically indistinguishable in the intraseasonal band.

Fig. 23. Spectra of cumulus precipitation in the western Indian Ocean (latitude 120S to
12°N, longitude 550E to 759E). Panels (a) to (c) show results from the three no-mountain
experiments; the first 40 days were dropped from each run to eliminate transients. Panels
(d) to (f) show results from the standard-topography experiment, for three 3 15-day

segments separated by 40 days, the length of each segment is approximate] y the same asthe
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average length of the no-mountain runs. The bandwidth is the same for all panels, but is

plotted at different ordinates for ease of viewing.




LATITUDE

L i i SR
- — ~. - \\ - / ..

be e

100m

a) T
- STANDARD RUN (WITH MOUNTAIN))

- f ", et N )
-ﬂ_/— k‘\_‘/ &__XL-_

LR I I B I B |

L T ———
——

T

FoO—=_= ;

L AZ = 100m - : |
b) S
INO-MOUNTAIN RUN

L s g . ‘. B

e STy _ 100W 50W R _—
50E 100E 150E *“ 150W 1 Oow L e
LONGITUDE




NORTH LATITUDE

POWER SPECTRAL DENSITY

10C

8(

6C

40

20

LOG, o (CYCLES/DAY)

7 b) FILTERED AZ = sm '
N LS S e I B o
50E 100E 150E -1 sow -1 Oow -sow 0 100E
LONGITUDE
e e e et
‘ 19d
C)NH 500 mb PHASE VELOCITY 25d -
‘“— BANDWIDTH
4 )
60d 36d
" 1 N 2 1 N " " 4 L " L
5 -2 -1.5 -1 -0.




LATITUDE

o
T

......

PR | A b TN L. IV ol DU 1 L
50E 100E 150E 150W 100W 50W 0 50E 100E
LONGITUDE

3




LATITUDE

DE C-INC NH

100E

150E

150W———"TOow * ' 50w
LONGITUDE

b ,J_A_b,_A_J_J._A_L.S.e.E E
100




LATITUDE

d) INC NH AAM

-
g P e N A R
,‘ . N ' - K _‘:\‘
TN S i AN \\‘:t._”/\
\\:, \, (&2/ . . DU T ~
S

P

150W 100W SOW 0
LONGITUDE

OE 100E 150E

S

j’\—///” “\,'A:—T T
\J d /X/“ RN {
d) INC NH AAM 2o 7

T :,‘ ,_,_‘/—‘\._—\_—/’//‘ﬁ\‘“
S ——— e ——
- T T T~ e — T —

|
|
/
{
.
o
/
\
/

—_— — ;/:/
,/m“— — _,/ /J

“150W 100W 50w 0  SOE 100E
LONGITUDE

PN,

e
S0F. 100E 150E

6



VARIANCE FRACTION

03 f

0.2 T

10
EOF NUMBER

15

20

7




LATITUDE

a) NH EOF

o

b) NH EOF 2

¢) NH EOF 3

P S g

S0E

100E 150E 150W 100W SOW
LONGITUDE

PO U UV O Y

o  50E 100E




POWER SPECTRAL DENSITY

a)

F—— Bandwidth

[ | I | { T ]
18 17 16 15 <14 13 -12
b Bandwidth ——PC2
49D
25D
| | | | l | -
18 17  -16 15 14 13 -12

LOG, , (CYCLES/DAY)




COHERENCE SQUARED

COHERENCE PHASE (DEGREES)

1.00 PC 1vsPC 3: CQHERENCE

1) }-ﬁw—l 39D 1551
........................ SIGNIFICANCE=099
0.75
0.50 ‘
0.25 ‘
/'
0.00 I , -
1.6 -15 -1,4 -1,3 -1.2
180 —_ ___ PC1vsPC3:PHASE
Pc 1 LEADSBY 6 DAYS\
90 NNA -----
0
-90
|
PC31EADSBY 6DA’ & |[I
-180 | T I | T
-1.8 -1.7 -1.6 -15 -14 -1.3 -1,2
L OG, (CYCLES/DAY)




COHERENCE SQUARED

------------------------------------------------

PC 1 vs NH AAM

] BW 41D 17D

0.00
1.00 -1,8 -1,7 -1.6 -1.5 -14 -1.3 -1.2
) BW 31D |
1ooeooeooo . ..._L.  SIGNIFICANCE=0.99...
0.75 —
PC 2 vs NH AAM
0.50 1
0.25

PC 3 vs NH AAM

0,00

-1.8 -1.7 -1,6 -15 -14 -1.3
L O G, (CYCLES/DAY)

-1.2




= = -
- s - el e -~
- L o I~
o i ’ ~ -~
e L
' . ) e -
SN ~ .
| TN
} - T
|

a) 500mb LEADS BY 6 DAYS | a) 500mb LEADS BY 6 DAYS

LATITUDE
(=]

RE
*1‘
| |
R T T TS -
| B of TN
| o S |
b e - [ .
| . o ~/ f’{ - ». i
0~ v L7 AR . i
i v » ”
) e) 500mb LAGS BY 6 DAYS J ‘ e) 500mb LAGS BY 6DAYS !
L. . . . . . 1] .________{ g-_— A -
SOE 100E 150E 150W 100W 50W O SOE 100E 50E 100E 150E-150W—100W—SOW—0 S0E 100E
LONGITUDE LONGITUDE

1) | IR




)

5/
/4

0 I

-
i
!
H
|
b

b) 500mb LEADSBY 3 DAYS
=2

LATITUDE
' <o

C‘) B

e) 500mb LAGS BY 6 DAYS
-

—
SOE 1005 180E 150w TOOW SOW 0 " 50E 10)E
LONGITUDE

/4




. , o
/,_. e~ ) ~ \ o T - /-7
| ™
- // f
ST ' LT
. ~ / ' 7 A .
2 SN ¢ Lo O ~ e
P e~ L \\‘\\‘),//, /\\t// 7__4,,’
/.’ ) — : e
PR - (P . EEEIES
o~
Ou
a) NH EOFF 1
e b e e b e b ppm e b

[N

b) NH EOFF 2

LATITUDE
o

U S S S S R S S S an e e
. . i N

N

~

A PRI

0 " ¢)NHEOFF3

1S & T00E 150B 150W 100W sow O  GS0E 100
741()}\]("1%_-




CROSS-CORRELATION ESTIMATE

~—— PCK | vs AAM
------- PCE 2 vs AAM

AAM LAG IN DAYS

16

100



LATITUDE

C) 500 mb
~ &

d) 500 mb LAGSBY 3DAYS
)

0 N

HEIGHT vs PCF 1
-

t‘ €) 500 mb LAGS BY 6 DAYS

50E 100E 150E 150W 100W S0W

|77

0!

o NED 0
€) 500 mb LAGS BY 6 DAYS

LONGITUDE

0 S0E 100E !

E 100E 150E 150W 100W SOW O SOE
LONGITUDE

100E

I v




0 a) 500 mb LEADS BY 6 DAYS

R’ '/"':/:/;';;: :"/"{‘/‘/——‘\'\ 3 'f";i';‘ TerT
e N \w/ |

[and

_. C) 500 mb HEIGHT vs PCF 3

=

LQJ/%// “\V B

0

[ S

<> —
[ Pl S

—— L

Q@

€)500 mb LAGSBY 6 DAYS

=

Y

S0E 100E 150E 150W 100W sow O SOE 100E
LONGITUDE




1

Ll
<
=
[p)
J
=
@]
-
éo
c
c
o)
Q
o
w
O
C
&

1
[

PCF 1 LAGS

il
\/

TR HEIGHT LAGS

[\
TR

-100

T

0
LAG IN DAYS

100

A0




25 50 ,
a) 55E-75E d) 130E - 150 E
s9p WESTERN INDIAN NEW GUINEA 165D
20 OCEAN 40
15 30 —
10 : 20
o 5 10 m
= 4
2]
Z 01T T T 0 T T I T T T T
A 18 17 -16 15 -14 13 12 18 -17 -16 -15 14 13 12
2 o
3 b) 80E - 100 B e) 165 E- 175 E
E : EASTERN INDIAN OCEAN SOLOMONS - MARSHALLS
vy 20 - . \ 40 -
8 -
15 5 30
g ] —
5 10 20 -
= ]
é ,
5 5 — 10 -
U -y
g 0 T T T T T T 0 T T T T T T T
2 18 1,7 106 -15  -l14 13 -12 18 17 16 15 -14 13 -12
5 50 50
= c 105E-125E i 180- 160W
8 ) INDONESIA 20D~ ) GILBERTS
40 40
‘ H H
30 30
|
20- 20
10 - 10
0 ~ i1 - 1 - 1 - - 0 T T \ T \ T T
18 -17 16 -15 14 13 -12 18 17 16 -15 14 13 -12
LOG 10 (CYCLES/DAY)

pl




45D WIOCP vs PC 1
. .?SIGN.IF.-F.Q%..!..M. B

f\
Uit

0.00 | | | | b | | 1

-1.8 -17 -16 -15 -14 -13 -12
LOG, o (CYCLES/DAY)

22




WIO CUMULUS PRECIPITATION: POWER SPECTRAL DENSITY

2
® Ty NO-MOUNTAIN * Ta) MOUNTAIN
. DAY S 41-300 . DAYS 41-355
20 20 -
15 H 22D 15 7
10 10 -
| d\/\/\/ R
0 T T T T T 0 T T 7 1
-1,8 -1.6 1.4 -1,2 -1.8 -1,6 -1,5 -14 -1.3 -1,2
25 25
b) NO-MOUNTAIN %NSO) e) MOUNTAIN
DAYS 41-41 16 1 DAYS 396-710
20 - 20 -
] ] 39, D
15 — H 15 =
10 - 10 —
5 ~ 5
O l L ' T l LB 0 1 I I L 4 l
18 16 1.4 1.2 -1.8 16 14 12
25 25
) NO-MOUNTAIN (RAD) f) MOUNTAIN
DAYS 41-352 . DAYS 751-1065
20 - 39D
20 ) 16D 0 N
32, D .
10 10 -
5 5 -
H
0 T T T 1 T T T 0 | T T T T
18 <17 16 -15 14 13 -1.2 -1.8 -1.6 -1.4 1.2
LOG 10 (CYCLES/DAY)

23




